Detection and precise measurement of glycerol concentration has significant meaning in various areas, including biomedical engineering, biomicrofluidics, and lab-on-a-chip applications; for instance, it is crucial to monitor glycerol secretions from adipocyte cell line. Glycerol has been used for experimental studies of flow characteristics 1 ; moreover, glycerol has been used in a lot of other areas such as food, pharmaceutical, pulp and paper, leather, and textile industries. 2 Because the concentration change of aqueous glycerol solution largely influences the quality of the final products, real-time monitoring and precise control of glycerol concentration is critical.
Recently, different types of concentration sensors have been developed using various principles. For example, microfluidic system based on enzyme assays have been developed for the in-channel detection of glycerol, 3 but such devices are complicated and are only applicable for certain temperature ranges. While for the fluorescence sensors, the need of specialized instruments, the use of a high-intensity light, and the limited spatial resolution limit their accessibility for a routine laboratory usage. 4 These limitations along with complex testing procedures make such systems incompatible with microfluidic systems for on-site chemical concentration sensing. Electrochemical sensors might prove a better candidate since they have simple structures which can be integrated easily and effectively with the microfluidic platforms. Therefore, there is a need to exploit electrochemical sensing for developing sensors that integrate better with the micro and nanofluidic devices than existing technologies.
Single-walled carbon nanotubes (SWCNTs) have attracted significant attention in many areas, especially in the biomedical and chemical fields, due to their extraordinary electrical and mechanical properties. 5 SWCNT-based devices provide a label-free, real-time, and ultrasensitive approach for sensing applications. 6 Based on the welldeveloped microfabrication technology, the SWCNT sensors can be fabricated with smaller size and more uniform geometry for a more reliable performance than their counterparts. They have been used in a wide range of micro/nanoscale sensing applications, for instance, sensing shear stress 7 and chemical concentration. 8 Since first introduced in the early 1990s, microfluidic devices or lab-on-a-chip devices have become increasingly prevalent in a broad range of areas; they have given sensor technology a different outlook and have generated more opportunities. 9 Lab-on-a-chip devices for biomedical or chemical studies have achieved significant attention in recent years due to their advantages, including low reagent and power consumption, short reaction time, low cost, and high compatibility to integrate with other miniaturized devices. 10 However, the real-time, in-channel detection of fluid concentration remains a challenge.
In this paper, we report a lab-on-a-chip device with integrated SWCNT nanosensors for detection of glycerol concentration in aqueous glycerol solution, which is extracted from a direct measurement of the resistance of the nanosensors. SWCNT nanosensors are built using optical lithography and soft lithography techniques; then, aqueous glycerol solutions with different glycerol-to-water weight ratios are tested under static and flowing conditions. The experimental results show a repeatable dependence of the nanosensors' resistance on the glycerol weight ratio. This can be effectively utilized for gauging the glycerol concentration for static in-channel conditions. A variation of resistance with flow velocity is also observed, suggesting that our nanosensors are sensitive to flow conditions. Based on the underlying electro-kinetic mechanism, we explain how glycerol sensing is achieved for the no-flow condition and the observed resistance trend with the varying flow rate. Overall, our results demonstrate a simple and cost-effective approach for developing micro/nanoscale in-channel glycerol sensors. Fig. 1 (a) shows a fabricated lab-on-a-chip device with an array of integrated SWCNT nanosensors used for performing parallel measurements in the experiments. Fig. 1(b) shows the schematic of the device, which has a silicon-SU-8-polydimethylsiloxane (PDMS) sandwiched structure. The SU-8 layer in the middle contains all the microfluidic components including an inlet, an outlet, and a microchannel. The device is fabricated using optical lithography and soft lithography methods. Metal layers of Cr and Au are patterned on a silicon wafer surface as electrodes using metal sputtering, optical lithography, and wet etching. Multi-teeth electrodes with a 5 lm gap are designed to ensure the controlled 
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This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP: dielectrophoresis deposition of SWCNTs. Then a 40 lm thick SU-8 layer is patterned on top of the electrodes to form a microchannel with optical lithography. Next, a PDMS piece with an inlet and an outlet is bonded to the SU-8 layer to form a sealed channel. Surface treatment using chemicals and plasma are needed to ensure the bonding quality. Dielectrophoresis (DEP) is used to assemble the SWCNTs between the multi-teeth electrodes. In order to ensure the motion and rotation of the SWCNTs in de-ionized (DI) water, a chemical method is used to treat the pristine SWCNTs for enhanced water solubility. 12 The concentration of the SWCNT solution is approximately 0.2 mg/ml. After DEP, the SWCNT dispersion is removed and DI water is then injected to eliminate the unbonded SWCNTs.
Previous studies show that the aqueous ionic density 10 and flow velocity 13 can influence SWCNT-based sensors since they have high sensitivity towards the electric potential caused by the specific binding and unbinding effects between ions and SWCNTs in a microfluidic environment. Therefore, DI water is used in our experiments to minimize the electrical disturbance caused by the ions in the fluid flow. Testing solutions with different concentrations are obtained by mixing glycerol and DI water in different weight ratios 14 : solutions are prepared with glycerol weight ratios of 10%, 20%, and 30%. In order to monitor the effects of flow-rate on our nanosensors' resistance, a continuous flow of these aqueous solutions is injected into the channel with a high-precision programmable syringe pump. A semiconductor device analyzer is connected to the SWCNT-based nanosensor for the real-time resistance measurement. Pure water and three glycerol-water mixture solutions with glycerol weight ratios of 10%, 20%, and 30% are injected into the microchannel and tested at four different flow rates (0.1, 0.2, 0.3, and 0.8 ml/min, respectively) using a syringe pump. The currentvoltage (I-V) characteristics of the SWCNT sensors are obtained with the semiconductor device analyzer. The resistance under static and varying flow rates is determined, as shown in Fig. 2 . Our SWCNT sensor shows a high level sensitivity for different glycerol-water solutions, especially under the static (0 ml/min) condition. The nanosensor resistance increases when glycerol concentration increases. When a low flow rate of 0.1 ml/min is applied to the solution, a small increase in resistance can be observed for all the tested solutions. In the medium flow rate range of 0.2 and 0.3 ml/ min, the resistance change is less obvious, except for pure water. However, when a high flow rate of 0.8 ml/min is applied, the resistances of all the solutions present a decreasing trend.
The trend observed at the static condition could be explained by the electrokinetic theory of the adsorbed glycerol molecules on the surface of the SWCNT. In our experiments, the nanosensors' resistance shows an obvious increase when the glycerol concentration in the aqueous solution rises. Very possibly, it is due to the slightly positive hydrogen (H) and carbon (C) atoms within glycerol molecules 15 serving as a gate voltage for the SWCNTs. Since our SWCNTs are p-type, 16, 17 therefore an increase in glycerol concentration will likely deplete p-doping 18 in the SWCNTs and increase the resistance of the nanosensors. However, it has to be noted that the sensing mechanisms of nanoscale materials could be very complicated due to many other effects, such as the effects from the substrate, Schottky barrier, gate capacitance, and carrier mobility. 19, 20 For the static condition, the empirical fit to the nanosensor resistance, R, versus glycerol weight percent, a (Fig. 2) is a polynomial function R ¼ À0:2196a 2 þ 13:4537a þ 1123:4389:
For a flow condition, the resistance of the nanosensors increases when the flow rate is low and decreases when the flow rate is high. The initial increasing trend could be due to three possible reasons: (1) streaming potential; (2) heat convection; and (3) reversible carbon nanotube (CNT) deformation, as explained in detail as follows. According to classical electrokinetic theory, a streaming potential is induced in the glass substrate if there is a bulk-fluid motion, as primarily a function of fluid velocity. The streaming potential could act as a gate voltage, now working in conjunction with the gate voltage for the static condition. 13 Some studies demonstrate that when an electric current is applied, the heat generated within SWCNTs raise its temperature, and once a flow is introduced onto the SWCNT, its temperature decreases owing to the heat convection, consequently creating a higher resistance reading. 7 The third contributing factor that may also affect the sensing performance of our SWCNT-based nanosensors is the reversible bending of the SWCNTs. The structural deformation of a SWCNT including bending, torsion, and collapse may be generated during the growth, deposition, and DEP processing of SWCNTs or when they are interacting with fluids. 21 Bending or twisting of SWCNT can lower the transmission function and leads to an increase in resistance. According to previous studies, the aforementioned three factors could all contribute to the increase in the CNT resistance at low flow rates. However, at high flow rates, there is a decreasing trend in the resistance, which could be due to the fact that the bending of CNT can surpass a certain range and generate kinks in the structure, causing tubular structure collapse or damage, which were found to decrease the nanosensor resistance. 21 Indeed, these kinks are irreversible structural deformation, and our experiments showed that the sensor resistance was permanently changed after running at high flow rates. The real-time sensing performance of our sensor in a wider velocity range is investigated. In a separate experiment, the syringe pump is used to change the flow rate in the microchannel, and the real-time resistance change is recorded, shown in Fig. 3 . Three glycerol-water mixture solutions with glycerol weight ratios of 10%, 20%, and 30% are selected and the flow rates are set as 0.1, 0.5, and 0.9 ml/min. For each tested glycerol solution, the resistance shows a clear drop when the flow rate is increased, and it reaches a steady state quickly after the flow rate changes. Comparing the three tested solutions at any given flow rate, the resistance increases when the glycerol weight ratio is increased. This means that under the same flow rate, the nanosensors' resistance change reflects the glycerol concentration in the solution.
Another experiment is conducted to evaluate the realtime response of the nanosensor for different glycerol solutions. In this experiment continuous fluids with a constant flow rate of 0.1 ml/min are injected into the microchannel. Air bubbles are introduced between solutions of different concentrations in the flow-feeding tube in order to avoid unwanted mixing. The real-time detection results are illustrated in Fig. 4 . The sensor's resistance increases when the glycerol concentration rises. The lowest resistance is measured as approximately 1100 X in water and the highest value is 1320 X in a 50% glycerol solution. A constant rise in resistance for a specific concentration may be attributed to the time taken for the molecules to be adsorbed on the CNT surface which is an interplay among diffusion, convection, and surface binding. 22 However, the Peclet number in our case (calculated to be $3000) indicates that diffusion is not the limiting factor. Therefore, our curve is possibly a representation of the classical Langmuir binding curve, which can be derived from the Langmuir equation. 23 The peaks (noise) arising at the points where glycerol concentration changes should be due to the disturbance from the air bubbles that we use to separate the solutions.
In summary, we have investigated a method for detection and direct measurement of glycerol concentration in water-glycerol solutions using an integrated microfluidicnanosensor system. A SWCNT-based glycerol sensor is fabricated with optical lithography and soft-lithography methods. Real-time resistance reading of the SWCNT sensor reveals a clear and repeatable dependence on the glycerol concentration and flow velocities. In general, the sensor resistance increases when glycerol-to-water weight ratio rises. The potential sensing mechanisms have been described and discussed in this paper: under static conditions, we believe that the positive charge on C and H atoms within the polar glycerol molecules serve as a gate voltage for depleting p-doping in the SWCNT. With bulk-flow of fluid, streaming potential is induced in the glass substrate that could also serve as a gate voltage. Besides, at intermediate velocities other mechanisms such as deformation of SWCNTs and increased convection might also play important roles for the observed increase in resistance. At higher flow velocities, permanent damage or kinks might tend to reduce the SWCNT's resistance. However, further studies are required for an in-depth knowledge and understanding of the sensing mechanisms. The knowledge obtained from this research can enable the development of lab-on-a-chip sensors for applications where glycerol sensing is required.
